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Abstract: A study was conducted on a Red Bay sandy loam soil (Rhodic Paleudult) in Jay, Florida, USA, to investigate
how interspecific interactions between pecan (Carya illinoensis K. Koch) and cotton (Gossypium hirsutum L.) would affect
cotton leaf morphology and gas exchange and thereby biomass and lint yield. We quantified specific leaf area (SLA), spe-
cific leaf nitrogen (SLN), net photosynthesis (A), transpiration, stomatal conductance, and net canopy photosynthetic index
(CNPI) from cotton with and without aboveground and belowground interactions. To separate roots of cotton and pecan,
polyethylene-lined trenches were installed (barrier treatment) parallel to tree rows in half the number of plots. Results
showed that SLA for barrier and nonbarrier plants was 61% and 47% higher, respectively, compared with the monoculture
cotton. Monoculture plants exhibited higher CNPI (70.7 mmol�m–2�s–1) compared with the barrier (52.7 mmol�m–2�s–1) and
nonbarrier plants (18.3 mmol�m–2�s–1). SLN was similar for both the barrier and nonbarrier plants; however, it was lower
than the monoculture. A positive curvilinear relationship between A and SLN was observed, with peak A (28 mmol�m–2�s–1)
observed between 2.2 and 2.4 mg N�m–2. Significant curvilinear relationships between CNPI and aboveground biomass and
lint yield were also observed for all treatments. These findings indicate that competitive interactions in alleycropping regu-
late leaf level traits such as SLA and SLN by altering water and light availability, which in turn exert a profound influence
on aboveground biomass and lint yield for cotton plants.

Key words: aboveground and belowground competition, net canopy photosynthetic index (CNPI), net photosynthesis, pho-
tosynthetically active radiation (PAR), specific leaf area, specific leaf nitrogen.

Résumé : Les auteurs ont conduit une étude dans un loam sableux (paleudulte rhodique) à Red Bay, dans la région de
Jay, en Floride, aux USA, afin d’examiner comment les interactions interspécifiques entre le pacanier (Carya illinoensis
K. Koch) et le coton (Gossypium hirsutum L.) affectent la morphologie foliaire du coton et ses échanges gazeux, et consé-
quemment sa biomasse et son rendement en fibre. Ils ont quantifié la surface foliaire spécifique (SLA), l’azote foliaire spé-
cifique (SLN), la photosynthèse nette (A), la transpiration, la conductance stomatale ainsi que l’index photosynthétique de
la canopée (CNPI), chez le coton avec ou sans interactions au-dessus ou au-dessous du sol. Afin de séparer les racines du
coton et du pacanier, on a installé des tranchées délimitées par du polyéthylène (traitement isolement), parallèlement aux
rangées d’arbres, dans la moitié des parcelles. Les résultats montrent que la SLA chez les plantes isolées et non isolées est
de 61 % et 47 % plus élevée, respectivement, comparativement au coton en monoculture. Les plants en monoculture mon-
trent un CNPI plus élevé (70.7 mmol m–2�s–1) comparativement aux traitements isolés (52.7 mmol m–2�s–1) et non isolés
(18.3 mmol�m–2�s–1). Le SLN est semblable chez les plantes isolées ou non; cependant, il est plus faible qu’en monoculture.
On observe une corrélation curvilinéaire positive entre A et SLN, avec un pic en A (28 mmol m–2�s–1) observé avec 2.2 à
2.4 mg N�m–2. On observe également des relations curvilinéaires significatives entre le CPNI et la biomasse et fibre au-
dessus du sol, chez tous les traitements. Ces constatations indiquent que des interactions compétitives, dans la culture en
allées, règlent des caractères foliaires comme la SLA et la SLN, en altérant les disponibilités en eau et en lumière, lesquel-
les à leur tour exercent une profonde influence sur les rendements en biomasse et en fibre.

Mots clés : compétition épigée et hypogée, index photosynthétique net de la canopée (CNPI), photosynthèse nette, radia-
tion photosynthétique active (PAR), surface foliaire spécifique, azote foliaire spécifique.

[Traduit par la Rédaction]

Introduction
It is well known that canopy level mechanisms influence

growth and yield in plants. Leaf-level traits such as specific
leaf area (SLA), specific leaf nitrogen (SLN), and net photo-
synthesis (Pnet) have all been explored in explaining growth
and yield in agronomic and forestry systems (Reich et al.
1998a, 1998b, 1999; Zhao and Oosterhuis 1998; Gillespie
et al. 2000; Gazal and Kubiske 2004). These traits, which
influence carbon fixation and allocation patterns in plants
(Evans 1989; Sinclair et al. 1993; Muchow and Sinclair
1994; Pettigrew et al. 2000; Milroy and Bange 2003), are
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greatly influenced by resource (light, water, and nutrients)
competition and availability.

Plants develop and grow differently under different envi-
ronmental conditions. All plants respond morphologically
and physiologically to shade and vary considerably in regard
to their shade tolerance. Plants that grow in a low-light envi-
ronment, such as those plants grown in alleycropping agro-
forestry systems, invest relatively more of the products of
photosynthesis and other resources in building greater leaf
surface area, resulting in thinner leaves and higher specific
leaf area (SLA). This, in turn, is associated with relatively
fewer and smaller palisade and mesophyll cells, which may
affect the photosynthetic capacity per unit leaf area. In con-
trast, plants grown in full sun develop thicker leaves, which
contain more photosynthetic apparatus and thereby exhibit a
higher rate of Pnet per unit leaf area (Pettigrew et al. 1993;
Lambers et al. 1998; Taiz and Zeiger 2000). Thus, low light
intensity limits photosynthesis and thereby net carbon gain
and plant growth. High light intensity may also limit photo-
synthesis, particularly if other factors are not optimal (Lam-
bers et al. 1998).

Alleycropping is a major form of agroforestry in the USA,
which involves cultivation of woody perennials, usually for
nut production, in rows, while crops are cultivated between
the rows of trees (Garrett and Buck 1997; United States De-
partment of Agriculture (USDA) 1999). Alleycropping sys-
tems can be used to optimize land production. However,
without proper management, trees and crops possess a high
potential for interspecific competition for resources (e.g.,
light, water, and nutrients) that may limit production.

Light is a major competitive vector in alleycropping sys-
tems. The photosynthetic response of understory plants to
shading may also depend on the carbon fixation pathways
of the associated crop species. It is well known that the pho-
tosynthetic rate of C3 plants increases sharply as photosyn-
thetically active radiation (PAR) increases from deep shade
up to approximately 25%–50% of full sunlight, then peaks
and remains constant with increasing light. However, C4
species do not become light saturated, and the photosyn-
thetic rate continues to increase up to full sunlight (Monteith
1978; Kozlowski and Pallardy 1997; Lambers et al. 1998).
As a result, C3 crop plants may be better suited for alley-
cropping than C4 plants. For example, a study by Gillespie
et al. (2000) in the midwestern United States showed sub-
stantial reduction in photosynthetic rates of maize (Zea
mays L.), a C4 species, in a black walnut (Juglans nigra L.)
alleycropping system. A 45% reduction in PAR resulted in
40% decrease in Pnet. However, cotton, a C3 species, was
light saturated at 50% of the full sun and hence was not af-
fected as much by shading in another study (Milroy and
Bange 2003).

The importance of foliar N in photosynthesis is indicated
by the well-known positive correlation between foliar N (ei-
ther %N or SLN) and photosynthetic activity (Gulmon and
Chu 1981; Field and Mooney 1986; Evans 1989; Harrington
et al. 1989; Egli and Schmid 1999). Generally, sun leaves
tend to have higher SLN than shade leaves (Hollinger 1996;
Bond et al. 1999). SLA and SLN are also often negatively
correlated across the canopy light gradient (Ellsworth and
Reich 1993; Bond et al. 1999; Grassi and Minotta 2000;
Stenberg et al. 2001). This N gradient results in efficient

use of canopy N in carbon fixation (Field 1983; Werger and
Hirose 1991; Chen et al. 1993). Other feedback mechanisms
(i.e., allocation of carbon to roots) also function to increase
belowground biomass to enhance resource capture when nu-
trients such as N are limiting for photosynthetic processes.
For instance, cotton planted as a monoculture in Arkansas
with limiting N increased its root/shoot ratio to enhance re-
source capture for growth (Keino 1998).

Competition for water between system components can
also affect agronomic productivity in alleycropping (Jose et
al. 2000; Miller and Pallardy 2001; Wanvestraut et al.
2004). It is well known that intake of CO2 decreases as
water availability decreases, because of decreased stomatal
conductance (Lambers et al. 1998; Taiz and Zeiger 2000).
Decreased water availability can thus restrict Pnet on a leaf
area and mass basis, which often translates into reduced
aboveground biomass productivity (Pereira et al. 1992; Da-
vis et al. 1999; Samuelson 2000; Gazal and Kubiske 2004).

The physiological mechanisms affecting production in
agroforestry systems have received limited attention both in
the tropical and temperate regions of the world. This study
was designed to examine how SLA and SLN would respond
to aboveground and belowground competition for resources
and how these mechanisms affect foliar and canopy level
photosynthesis and thereby aboveground production. We hy-
pothesized that SLA would be higher under shade in the al-
leycropping system compared with the monoculture. We
also hypothesized that this would result in lower SLN for
plants in alleycropping. A further reduction in SLN in the
nonbarrier treatment compared with the barrier treatment
was expected if competition for N existed. Changes in SLA
and SLN would influence the overall canopy net photosyn-
thesis, which, in turn, would affect biomass and lint yield.

Materials and methods

The study site
The study was conducted at the West Florida Research and

Education Center farm of the University of Florida located in
Jay, Florida, USA (30847’N, 87813’W). The climate is con-
sidered to be temperate with moderate winters and hot humid
summers. The soil is classified as Red Bay sandy loam (fine-
loamy, siliceous, thermic Rhodic Paleudult) with an average
water table depth of 1.8 m. Average rainfall and air temper-
ature during the 2002 growing season (June–October) was
585 mm and 24.31 8C, respectively (Fig. 1).

For the current study, a pecan (Carya illinoensis K. Koch)
– cotton (Gossypium hirsutum L.) alleycropping system was
established in 2001 from an existing orchard of pecan trees
planted in 1954. The orchard was managed under noninten-
sive clover (Trifolium spp.) and rye grass (Lolium spp.) pro-
duction for 29 years prior to the initiation of the current
study (Allen et al. 2005). Twelve plots were demarcated
within the orchard and arranged into six blocks using a
randomized block design. Each plot, which consisted of two
rows of trees oriented in a north–south direction, was 27.4 m
long and 18.3 m wide, with a practical cultivable width of
16.2 m and was separated from each adjacent plot by a buf-
fer zone of the same dimensions.

To assess tree root competition, each block was randomly
divided into a barrier and nonbarrier plot. Barrier plots were
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subjected to a root pruning treatment in March 2001, in
which a trenching machine was used to dig a 0.2 m wide
and 1.2 m deep trench along both sides of the plot at a dis-
tance of 1.5 m from the tree line to separate the root systems
of pecan and cotton. Trenches were lined with 0.15 mm
thick polyethylene sheets prior to mechanical backfilling.
The barrier plots served as the tree-root exclusion treatment
(referred to as barrier treatment) preventing interaction of
tree and cotton roots, while the nonbarrier (referred to as
nonbarrier treatment) served as the tree-root competition
treatment. Sixteen rows of cotton, 1 m apart, were estab-
lished in each plot. Cotton (DP458/RRvariety) seeds were
planted in each row along a north–south orientation on 13
May 2002 using conventional tillage (15–20 cm deep) at a
rate of 23 600 seeds/ha in the alley between the pecan tree
rows.

For control purposes, three plots in an adjacent field were
maintained as cotton monoculture (referred to as monocul-
ture treatment). All treatments received standard inorganic
fertilizer (3:9:18 (N–P–K) fertilizer at a rate of 89.6 kg
N�ha–1), and pesticide application for cotton in the southern
US. No irrigation was applied.

Gas exchange measurements
Net photosynthetic rate (A) (mmol CO2�m–2�s–1), transpira-

tion rate (E) (mm H2O�m–2�s–1), and stomatal conductance
(g) (mm�m–2�s–1) were measured using a LICOR 6400 (LI-
COR, Lincoln, Nebraska) portable infrared gas analyzer

(IRGA). Measurements were made four times on a monthly
interval from June to September 2002, on the uppermost and
fully expanded main-stem leaves of three cotton plants in
the first, fourth, and eighth rows. All measurements were
taken between 1000 and 1500 h central daylight savings
time under ambient conditions on clear sunny days. Instanta-
neous water use efficiency (WUE) defined as the ratio of A
and E was calculated for each sampled leaf.

To determine whether light was a limiting factor in our
system, maximum light saturated photosynthetic rate (Amax)
and intercellular CO2 (A–Ci) were also measured under con-
stant light (i.e., 2000 mmol�m–2�s–1) at the peak of cotton
growth in August 2002 using LICOR 6400. Photosynthetic
light response curves were also generated for each treatment
at the same time under constant air temperature (30 8C), rel-
ative humidity (60%), and CO2 (370 ppm). Ambient light
was used to generate A–Ci curves by measuring A under dif-
ferent CO2 concentrations. Canopy net photosynthetic index
(CNPI), an index of the canopy photosynthesis, was calcu-
lated as the product of A or Amax and canopy leaf area index
(LAI). Canopy LAI was calculated from canopy biomass
and specific leaf area (described below) for each treatment.

During Amax measurement for a specific plant, three soil
samples (approx. 200 g) were collected near the base of the
plants to a depth of 10 cm to determine gravimetric water
content. Soil samples were weighed, oven dried for 72 h at
a constant (105 8C) temperature, and reweighed to deter-
mine the gravimetric soil water content.

Specific leaf area (SLA) and foliar N
Leaves subjected to gas exchange measurements (six

leaves total in each row per plot) were collected immedi-
ately after measurement to determine SLA. To avoid desic-
cation, leaves were placed in polyethylene bags, stored in a
cooler and transported to the lab where leaf area was meas-
ured using a LICOR 3000 leaf area meter. Leaves were then
oven-dried at 70 8C for a minimum of 72 h, ground using a
coffee grinder, and analyzed for total Kjeldahl nitrogen.
Leaf nitrogen concentration was multiplied by specific leaf
mass to determine SLN.

Aboveground biomass and lint yield
Cotton plant parts such as leaves, stems, bolls, and flow-

ers within 1 m � 1 m subplots were carefully harvested in
each main plot. Harvested cotton plants were placed in pa-
per bags, dried for 72 h at 70 8C, and then weighed. Lint
yield (devoid of seeds) of cotton in each row (rows 1, 4,
and 8) in each plot and in the monoculture was quantified
from two 0.61 m � 6.1 m sections in each row.

Data analysis
Analysis of variance (ANOVA) within the framework of a

randomized split block design was used to test for statistical
differences in measured parameters using the mixed proce-
dure of the SAS statistical software package (SAS Institute
Inc., Cary, North Carolina). The Shapiro–Wilk’s test was
used to test all data for normality of distribution. Logarith-
mic (log(x + 1)) transformation was performed to improve
normality when necessary. Differences between means were
determined using the least square means procedure. Treat-
ment effects were considered significant at a = 0.05. Regres-

Fig. 1. Daily precipitation and temperature between 1 May and 31
October 2002 at the West Florida Research and Education Center
research farm, Jay, Florida, USA.
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sion analysis was used to define relationships between SLN
and A, CNPI and aboveground biomass, and CNPI and lint
yield

Results

Specific leaf area, specific leaf nitrogen, and net
photosynthesis

There were variations in cotton leaf morphology (leaf area
and mass) among treatments resulting in differences in SLA
(Table 1). The cotton in the barrier treatment had a higher
SLA than that of the nonbarrier treatment plants. Monocul-
ture plants, which exhibited higher leaf mass (0.47 g) and
lower SLA, contained significantly higher SLN (2.30 g�m–2)
compared with those plants in the barrier (1.92 g�m–2) and
nonbarrier (1.99 g�m–2) treatments (Fig. 2). No spatial varia-
tions in SLA among rows were found in the nonbarrier treat-
ment, but SLA in row 1 of the barrier treatment was lower
than rows 4 and 8 (P = 0.0038).

Barrier and monoculture plants had similar light response
curves with light saturation occurring at about 50% of the
full sun, whereas light saturation was observed at about
30% of the full sun in the nonbarrier treatment (Fig. 3).
Light saturated maximum photosynthetic rate also varied ac-
cordingly. While Amax was 23 and 25 mmol CO2�m–2�s–1 for
the barrier and monoculture plants, respectively, it was only
18 mmol CO2�m–2�s–1 for the nonbarrier treatment. Similarly,
for any given intercellualar CO2 concentration, cotton in
nonbarrier treatment exhibited lowest Amax compared with
the barrier and monoculture plants (Fig. 4). Analysis of
gravimetric soil water content during Amax measurement
showed that the nonbarrier treatment had lower soil water
content (14.8%) than the barrier treatment (18.8%). Soil
water content was the lowest (10.4%) in the monoculture
treatment.

A positive curvilinear relationship between A and SLN
was observed, with peak photosynthesis (A = 26–28 mmol
CO2�m–2�s–1) observed between 2.2 and 2.4 mg N�m–2

(Fig. 5). Since SLN did not differ significantly between the
barrier and nonbarrier plants, it is reasonable to assume that

Table 1. Specific leaf area (SLA) of cotton grown under different growth
conditions in an alleycropping system in Jay, Florida.

Row

Specific leaf area (SLA)

Treatment

Nonbarrier Barrier Monoculture

1 267.2a (8.4) 270.6b (8.1)

4 277.8a (9.0) 303.4a (10.6)

8 269.4a (10.4) 314.1a (13.6)

Overall mean 271.5 B (5.8) 296.6 A (6.4) 184.6C (10.6)

Note: Standard errors of the mean are given in parentheses. Within-treatment va-
lues followed by the same lowercase letter are not significantly different at the 0.05
level of probability. Computed P values for nonbarrier and barrier were 0.597 and
0.0038, respectively. The upper case letter represents treatment comparison. Values
followed by the same capital letter are not significantly different at the 0.05 level of
significance (P < 0.0001).

Fig. 2. Specific leaf nitrogen (SLN) content of cotton plants grown
under different growth conditions in an alleycropping system in
Jay, Florida.

Fig. 3. Light response curve of cotton in nonbarrier, barrier, and
monoculture treatments in a pecan–cotton alleycropping system in
Jay, Florida. Note: Measurement was made once during the mid-
growing season (August).
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the 56% reduction in Amax in the nonbarrier plants compared
with barrier plants was not a result of decreased foliar N.

Both E and g were higher in the monoculture compared
with the barrier and nonbarrier treatments (Table 2). The
nonexclusion of cotton roots from pecan resulted in lower E
and g in nonbarrier plants (51% and 68%, respectively), than
those of the barrier plants. Water-use efficiency (WUE)
(2.71 mmol�mol–1) of the monoculture plants was not signif-
icantly different from nonbarrier plants (2.59 mmol�mol–1).
WUE in barrier plants (2.13 mmol�mol–1), however, was
much lower than those of the nonbarrier and monoculture
plants.

Canopy net photosynthetic index versus biomass and lint
yield

CNPI showed significant differences among treatments
(Table 3). Monoculture treatment had the highest canopy A,
which was 34% higher than the barrier treatment. Average
canopy A in the barrier treatment was almost three times
higher compared with the nonbarrier treatment (P = 0.0429).

The barrier treatment resulted in 65% increase in above-

ground biomass (exclusive of lint yield) of cotton plants
compared with the nonbarrier (323.7 versus 195.9 g�m–2, re-
spectively) treatment. Aboveground biomass production in
the monoculture plants was 307.01 g�m–2 and was statisti-
cally similar to the barrier but different from the nonbarrier
(P = 0.0303) treatment. There were no inter-row variations
in aboveground biomass among sampled rows. Alleviating
belowground competition resulted in differences in cotton
lint yield among treatments (P = 0.0001). Lint yield in the
barrier treatment (51.02 g�m–2) was three times higher than
that of the nonbarrier treatment (17.06 g�m–2). Lint yield
was highest for the monoculture treatment (58.1 g�m–2).

Mean aboveground biomass showed a strong and signifi-
cant relationship with CNPI under ambient condition (R2 =
0.63, P < 0.0001). The relationship was further improved
(R2 = 0.77) when Amax (measured under a constant PAR of
2000 mmol�m–2�s–1) was used in the analysis (Fig. 6). Similar
relationships were also observed between CNPI and lint
yield (Fig. 7). Maximum lint yield was obtained at an opti-
mum CNPI of 65–70 mmol�m–2�s–1.

Discussion
Competition for resources in our system affected leaf

morphology of cotton. The barrier plants outperformed the
nonbarrier plants both in their leaf development and photo-
synthetic rates. Large differences were observed in SLA
among these treatments that affected their gas exchange ca-
pacity. Cotton in the barrier and nonbarrier treatments had
higher SLA than the monoculture (Table 1).

Foliage formed in low light often has lower A than foliage
formed in high light and generally has different morpholog-
ical and biochemical characteristics, such as higher SLA and
lower leaf N (Cregg et al. 1993; Stenberg et al. 1994; Gro-
ninger et al. 1996; Jose et al. 2003; Nippert and Marshall
2003). Accordingly, many studies have demonstrated signif-
icant decline in A for plants growing under low light levels.
We have observed this scenario in our experiment as well.
Pecan trees caused an average 50% reduction of PAR trans-
mittance to cotton in the alleys compared with cotton in
monoculture treatment (800 mmol�m–2�s–1 versus
1600 mmol�m–2�s–1) (Zamora et al. 2006b). Campbell et al.
(1990) found that leaves of soybean (Glycine max L.) grown
in full sun were capable of higher levels of photosynthesis,
and became light saturated in full sun unlike leaves grown
in lower light intensities. This reduction in photosynthesis
was attributed to a decrease in leaf thickness (higher SLA)
that led to lower chloroplast (Campbell et al. 1990; Paul
and Foyer 2001) on a leaf area basis for plants grown under
shade.

It is well established that foliar N and chlorophyll content
are strongly correlated (Evans 1989). As a result, strong pos-
itive correlations between foliar N and A have been ob-
served in a number of species (Evans 1989; Mitchell and
Hinckley 1993; Bond et al. 1999; Egli and Schmid 1999).
Many process models utilize foliar N as a scalar for integrat-
ing photosynthetic processes from leaf level to canopy level
(Kull and Jarvis 1995; Leuning et al. 1995; Lai et al. 2002;
Milroy and Bange 2003). The net photosynthetic rate of cot-
ton in this study showed significant positive correlations
with SLN (R2 = 0.44 and R2 = 0.39, for constant and ambi-

Fig. 4. Intercellular CO2 (A–Ci) curve of cotton in nonbarrier, bar-
rier, and monoculture treatments in a pecan–cotton alleycropping
system in Jay, Florida. Note: Measurement was made once during
the mid-growing season (August).

Fig. 5. Relationship between specific leaf nitrogen (SLN) and leaf
level net photosynthesis of cotton in nonbarrier, barrier, and mono-
culture treatments in Jay, Florida.
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ent PAR, respectively). Although monoculture plants had
lower SLA, they exhibited 20% higher SLN than those of
the barrier and nonbarrier plants resulting in greater photo-
synthetic rates. Plants exposed to direct irradiance, such as
those cotton plants in monoculture treatment, develop
thicker leaves and they generally contain higher concentra-
tion of N per unit leaf area (Campbell et al. 1990; Paul and
Foyer 2001; Henderson and Jose 2005). Despite higher SLA,
lower SLN in the leaves of barrier and nonbarrier plants re-
sulted in lower photosynthetic rates (lower cluster in Fig. 5)
compared with the monoculture plants. Although reductions
in SLN were observed in both the barrier and nonbarrier
treatments compared with the monoculture, SLN was similar
for the former treatments. As a result, the variation in A
among the barrier and nonbarrier treatments could not be
explained based on SLN alone.

Difference in foliar N or SLN can result not only from
competition for light, but also from competition for below-
ground resources (Mooney et al. 1981; Traw and Ackerly
1995). Since our study showed no gradient in SLN for cot-
ton grown in barrier and nonbarrier treatments (Fig. 2), com-
petition for N can be ruled out. A companion study by Allen
(2003) showed that competition for N was not a major fac-
tor affecting productivity of the barrier and nonbarrier treat-
ments in our system. This indicates that water was perhaps
the major belowground limiting factor affecting photosyn-
thetic rates of cotton in the nonbarrier treatment. This was
supported by the Amax and A–Ci curves generated for the

study. Providing equal amounts of light and different levels
of intercellular CO2 resulted in varying Amax of cotton
among treatments (Figs. 3 and 4). Lower soil water content
(21.3% reduction in gravimetric soil water content) perhaps
caused the lowering of Amax in the nonbarrier plants com-
pared with the barrier plants. Wanvestraut et al. (2004) con-
ducted a companion study in our pecan–cotton system and
found variation in soil water potentials between the barrier
and nonbarrier treatments. The average seasonal soil water
potential was 55% higher (less negative) in the barrier treat-
ment than that in the nonbarrier treatment. In another com-
panion study on root morphological plasticity of cotton,
Zamora et al. (2006a) reported that cotton in nonbarrier
treatment developed lower root length density, which may
also have negatively affected water uptake. Lower root
length density in combination with lower soil water content
may have exacerbated water stress in nonbarrier plants and
thereby affected their photosynthetic capacity.

Higher WUE in nonbarrier plants also indicated drier soil
conditions compared with the barrier treatment, which im-
plies that less water was available for absorption because of
competition with pecan trees. Under water stress conditions,
plants tend to minimize transpiration by closing stomata to
conserve and prevent excessive loss of water, which lowers
stomatal conductance, thereby resulting in lower A as ob-
served in the nonbarrier treatment (Table 3). Wanvestraut et
al. (2004) also noted 36% lower water uptake by cotton in
nonbarrier (0.56 kg�plant–1�d–1) compared with barrier treat-

Table 2. Leaf level transpiration (E) and stomatal conductance (g) of cotton measured under ambient condition (photosynthetically active
radiation (PAR) and CO2 concentration) in a pecan–cotton alleycropping system in Jay, Florida.

Treatment

Leaf level transpiration (E) (mmol�m–2�s–1) Leaf level stomatal conductance (g) (mmol�m–2�s–1)

Row 1 Row 4 Row 8 Row 1 Row 4 Row 8

Mean Mean Mean Overall mean Mean Mean Mean Overall mean

Nonbarrier 4.73a
(0.19)

5.03a
(0.21)

5.09a
(0.20)

4.95C (0.34) 0.31a
(0.04)

0.33a
(0.04)

0.30a
(0.01)

0.31C (0.01)

Barrier 6.54b
(0.31)

7.7a
(0.30)

8.13a
(0.34)

7.48B (1.13) 0.43b
(0.03)

0.54ab
(0.03)

0.57a
(0.02)

0.52B (0.02)

Monoculture 12.65A (1.28) 1.12A (0.07)

Note: Standard errors of the mean are given in parentheses. The uppercase letters are for treatment comparisons. Means followed by the same capital
letters are not significantly different at the 0.05 level of significance. The lowercase letters are within-treatment comparison among rows. Within-treatment
values across the rows followed by the same lowercase letter are not significantly different at the 0.05 level of significance.

Table 3. Canopy net photosynthetic index (CNPI) of cotton measured under ambient con-
dition (photosynthetically active radiation (PAR) and CO2) in a pecan–cotton alleycropping
system in Jay, Florida.

Treatment

Canopy net photosynthetic index (CNPI) (mmol CO2�m–2�s–1)

Row 1 Row 4 Row 8

Mean Mean Mean Overall mean

Nonbarrier 17.43a (0.50) 18.10a (0.70) 19.44a (1.80) 18.32C (0.70)
Barrier 23.79b (1.80) 65.67a (2.20) 68.61a (2.30) 52.69B (2.10)
Monoculture 70.72A (1.90)

Note: Standard errors of the mean are given in parentheses. The uppercase letters are for treatment
comparisons. Mean followed by the same capital letters are not significantly different at 0.05 level of
significance (P < 0.0001). The lowercase letters are for within-treatment comparison among rows.
Within-treatment values across the rows followed by the same lowercase letter are not significantly
different at the 0.05 level of significance. (P < 0.0001).
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ment (0.88 kg�plant–1�d–1). Consistent with these findings,
the nonbarrier plants in our study also showed lower E than
the barrier plants. Non-exclusion of cotton roots from pecan
resulted in lower E and g in nonbarrier plants than those of
the barrier plants. Although the monoculture treatment had
the lowest soil water content (10.4%) compared with barrier
and nonbarrier treatment, E of the monoculture plants was
higher in response to high air temperature and high vapor
pressure deficit (data not shown) at the time of measure-
ment. Zhenmin et al. (1998) found that higher E is needed
for cotton growing in harsher environments to provide evap-
orative cooling effects on the leaves to prevent cell cavita-
tion. The observation of lower E of cotton in barrier and
nonbarrier plants compared with cotton plants in the mono-
culture treatment is consistent with that of Zhao and Ooster-
huis (1998), who found a lower E rate in cotton grown
under shaded conditions because of the relatively cooler en-
vironment, which indicated lower heat stress.

The nonbarrier treatment that exhibited the lowest canopy
net photosynthetic index (CNPI) had the lowest biomass and
lint yield. We observed significant relationships for biomass
(R2 = 0.76) and lint (R2 = 0.68) with CNPI (Figs. 6 and 7).
Optimum lint yield in our study was attained at a CNPI of
approximately 65–70 mmol CO2�m–2�s–1 (Fig. 7). This indi-
cated that any further increase in A would not result in an
increase in yield. Cotton in the barrier treatment had a
CNPI of 52.7 mmol CO2�m–2�s–1, which was slightly lower
than the optimum CNPI necessary for maximum yield.
CNPI of cotton in the monoculture treatment was within the
optimum range. This explains the yield differences between
the two treatments. Our result was in agreement with other
studies of cotton in Australia (e.g., Milroy and Bange 2003)
and in the southern USA (Muchow and Sinclair 1994) show-
ing increased production with increase in net photosynthesis,
but only up to a certain threshold (55–60 mmol CO2�m–2�s–1).

Conclusions

Results of this study showed that morphological differen-
ces in cotton leaves resulted in varying photosynthetic rates
of cotton among treatments with consequences on biomass
and lint yield of cotton. The barrier plants, where below-
ground competition for water was eliminated, not only in-
creased their photosynthetic rates compared with nonbarrier
plants, but also exhibited photosynthetic rates comparable to
the monoculture. Competition for water, coupled with shad-
ing in the nonbarrier treatment, has lowered biomass and lint
yield of the nonbarrier plants. Since foliar nitrogen (SLN)
was similar between the barrier and nonbarrier plants, it is
reasonable to assume that the performance of cotton in our
alleycropping system was influenced mainly by the avail-
ability of water and light. Maximum lint yield in our study
was obtained at a CNPI of approximately 65–70 mmol
CO2�m–2�s–1. This study demonstrates that interspecific com-
petition between trees and crops can regulate leaf traits such
as SLA and SLN of the associated crop species, which in
turn influence CNPI and yield in alleycropping systems.
Further, this study showed that alleycropping systems can
be used to optimize production in the Southern
US, provided that field management techniques such as

trenching is employed to minimize belowground competitive
interactions.

Acknowledgments
We thank Sara Merritt, Jeremy Monot, Cathy Hardin,

Doug Hatfield, and Joe Nelson for assistance in field and
laboratory studies. This study was funded in part by two
grants: one from the USDA Southern Region Sustainable
Agriculture Research and Education (SARE) program (No.
LS02–136) and another from the USDA-IFAFS (No. 00–
52103–9702) through the Center for Subtropical Agrofores-
try at the University of Florida.

References
Allen, S.C. 2003. Nitrogen dynamics in a pecan (Carya illinoensis

K. Koch) - cotton (Gossyium hirsutum L.) alleycropping system
in the Southern United States. Ph.D. Dissertation, School of For-
est Resources and Conservation, University of Florida, Gaines-
ville, Florida, USA.

Allen, S.C., Jose, S., and Nair, P.K.R. 2005. Nitrogen mineraliza-
tion in a pecan (Carya illionoensis K. Kock)–cotton (Gossypium
hirsutum L.) alley cropping system in the southern United

Fig. 6. Relationship between canopy net photosynthetic index
aboveground biomass production of cotton in nonbarrier, barrier,
and monoculture treatments in Jay, Florida.

Fig. 7. Relationship between canopy net photosynthetic index and
lint yield production of cotton in nonbarrier, barrier, and monocul-
ture treatments in Jay, Florida.

1692 Can. J. Bot. Vol. 84, 2006

# 2006 NRC Canada



States. Biol. Fertil. Soils, 41: 28–37. doi:10.1007/s00374-004-
0799-2.

Bond, B.J., Farnsworth, B.T., Coulombe, R.A., and Winner, W.E.
1999. Foliage physiology and biochemistry in response to light
gradients in conifers with varying shade tolerance. Oecologia,
120: 183–192. doi:10.1007/s004420050847.

Campbell, W.J., Allen, L.H., and Bowes, G. 1990. Response of
soybean canopy photosynthesis to CO2 concentration, light and
temperature. J. Exp. Bot. 41: 427–433.

Chen, J.L., Reynolds, J.F., Harley, P.C., and Tenhunen, J.D. 1993.
Coordination theory of leaf nitrogen distribution in a canopy.
Oecologia, 93: 63–69.

Cregg, B.M., Teskey, R.O., and Doughterty, P.M. 1993. Effects of
shade on stress on growth morphology, and carbon dynamics of
loblolly pine branches. Trees (Berl.), 7: 208–213.

Davis, M.A., Wrage, K.J., Reich, P.B., Tjoelker, M.G., Schaeffer,
T., and Muermann, C. 1999. Survival, growth, photosynthesis
of tree seedlings competing with herbaceous vegetation along a
water-light-nitrogen gradient. Plant Ecol. 145: 341–350. doi:10.
1023/A:1009802211896.

Egli, P., and Schmid, B. 1999. Relationships between leaf nitrogen
and limitations of photosynthesis in canopies of Solidago altis-
sima. Acta Oecol. 20: 559–570. doi:10.1016/S1146-609X(00)
86623-0.

Ellsworth, D.S., and Reich, P.B. 1993. Leaf mass per area, nitrogen
content and photosynthetic carbon gain in Acer saccharum seed-
lings in contrasting forest light environments. Funct. Ecol. 6:
432–435.

Evans, J.R. 1989. Photosynthesis and nitrogen relationships in
leaves of C3 plants. Oecologia, 78: 9–19. doi:10.1007/
BF00377192.

Field, C.B. 1983. Allocating leaf nitrogen for maximization of car-
bon gain: leaf age as a control of the allocation program. Oeco-
logia, 56: 341–347. doi:10.1007/BF00379710.

Field, C.B., and Mooney, H.A. 1986. The photosynthesis-nitrogen
relationship in wild plants. In On the economy of plant form
and function. Edited by T.J. Givnish. Cambridge University
Press, San Diego, California. pp. 25–65.

Garrett, H.E., and Buck, L.E. 1997. Agroforestry practice and pol-
icy in the United States of America. For. Ecol. Manage. 91: 5–
15. doi:10.1016/S0378-1127(96)03884-4.

Gazal, R.M., and Kubiske, M.E. 2004. Influence of initial root
characteristics on physiological responses of cherrybark oak and
Shumard oak seedlings to field drought conditions. For. Ecol.
Manage. 189: 295–305. doi:10.1016/j.foreco.2003.08.017.

Gillespie, A.R., Jose, S., Mengel, D.B., Hoover, W.L., Pope, P.E.,
Seifert, J.R., Biehle, D.J., Stall, T., and Benjamin, T.J. 2000.
Defining competition vectors in a temperate alley cropping sys-
tem in the Midwestern USA 1. Production Physiology. Agrofor.
Syst. 48: 25–40. doi:10.1023/A:1006285205553.

Grassi, G., and Minotta, G. 2000. Influence of nutrient supply on
shade-sun acclimation of Picea abies seedlings: effects on foliar
morphology, photosynthetic performance and growth. Tree Phy-
siol. 20: 645–652. PMID:12651514.

Groninger, J.W., Seiler, J.R., Peterson, J.A., and Kreh, R.E. 1996.
Growth and photosynthetic responses of four Virginia piedmont
tree species to shade. Tree Physiol. 16: 773–778.
PMID:14871684.

Gulmon, S.L., and Chu, C.C. 1981. The effects of light and nitro-
gen on photosynthesis, leaf characteristics, and dry matter allo-
cation in chaparral shrub, Diplacus ausantiacus. Oecologia, 49:
207–212. doi:10.1007/BF00349189.

Harrington, R.A., Brown, B.J., and Reich, P.B. 1989. Ecophysiol-
ogy of exotic and native shrubs in southern Wisconsin.

I. Relationship of leaf characteristics, resource availability, and
phenology to seasonal patterns of carbon gain. Oecologia, 80:
356–367. doi:10.1007/BF00379037.

Henderson, D.E., and Jose, S. 2005. Production physiology of three
fast-growing hardwood species along a soil resource gradient.
Tree Physiol. 25: 1487–1494. PMID:16137934.

Hollinger, D.Y. 1996. Optimality and nitrogen allocation in a tree
canopy. Tree Physiol. 16: 627–634. PMID:14871700.

Jose, S., Gillespie, A.R., Seifer, J.R., and Biehle, D.J. 2000. Defin-
ing competition vectors in a temperate alley cropping system in
the Midwestern USA 2. Competition for water. Agrofor. Syst.
48: 41–59. doi:10.1023/A:1006289322392.

Jose, S., Merrit, S., and Ramsey, C.L. 2003. Growth, nutrition,
photosynthesis and transpiration responses of longleaf pine seed-
lings to light, water, and nitrogen. For. Ecol. Manage. 180: 335–
344. doi:10.1016/S0378-1127(02)00583-2.

Keino, J. 1998. Characterization of cotton roots in relations to plant
growth, water management and potassium kinetic uptake para-
meters. Ph.D. Dissertation, University of Arkansas, Fayetteville,
Arkansas, USA.

Kozlowski, T.T., and Pallardy, S.G. 1997. Physiology of Woody
Plants, 2nd ed. Academic Press, San Diego, Calif.

Kull, O., and Jarvis, P.G. 1995. The role of nitrogen in a simple scheme
to scale-up photosynthesis from leaf to canopy. Plant Cell Environ.
18: 1174–1182. doi:10.1111/j.1365-3040.1995.tb00627.x.

Lai, C.T., Katul, G., Butnor, J., Siqueira, M., Ellsworth, D., Maier,
C., Johnsen, K., Mckeand, S., and Oren, R. 2002. Modeling the
limits on the response of net carbon exchange to fertilization in
a south-eastern pine forest. Plant Cell Environ. 20: 1095–1119.

Lambers, H., Chapin, F.S., III, and Pons, T.L. 1998. Plant Physio-
logical Ecology. Springer-Verlag, New York.

Leuning, R.F., Keliher, M., De Pury, D.G.G., and Schulze, E.D.
1995. Leaf nitrogen, photosynthesis, conductance and transpira-
tion: scaling from leaves to canopies. Plant Cell Environ. 18:
1183–1200. doi:10.1111/j.1365-3040.1995.tb00628.x.

Miller, A.W., and Pallardy, S.G. 2001. Resource competition across
the crop-tree interface in a maize-silver maple temperate alley-
cropping stand in Missouri. Agrofor. Syst. 53: 247–259. doi:10.
1023/A:1013327510748.

Milroy, P.S., and Bange, M.P. 2003. Nitrogen and light responses
of cotton photosynthesis and implications for crop growth. Crop
Sci. 43: 904–913.

Mitchell, A.K., and Hinckley, T.M. 1993. Effects of foliar nitrogen
concentration on photosynthesis and water use efficiency in
Douglas-fir. Tree Physiol. 12: 403–410. PMID:14969910.

Monteith, J. 1978. Reassessment of maximum growth rates for C3

and C4 crops. Exp. Agric. 14: 1–5.
Mooney, H.A., Field, C., Gulmon, S.L., and Bazzaz, F.A. 1981.

Photosynthetic capacity in relation to leaf position in desert ver-
sus old-field annuals. Oecologia, 50: 109–112. doi:10.1007/
BF00378802.

Muchow, R.C., and Sinclair, T.R. 1994. Nitrogen response of leaf
photosynthesis and canopy radiation use efficiency in field-
grown maize and sorghum. Crop Sci. 34: 721–727.

Nippert, J.B., and Marshall, J.D. 2003. Sources of variation in eco-
physiological parameters in Douglas-fir and grand fir canopies.
Tree Physiol. 23: 591–601. PMID:12750052.

Paul, M.J., and Foyer, C.H. 2001. Sink regulation of photosynth-
esis. J. Exp. Bot. 52: 1383–1400. doi:10.1093/jexbot/52.360.
1383. PMID:11457898.

Pereira, J.S., Chaves, M.M., Fonseca, F., Araujo, M.C., and Torres,
F. 1992. Photosynthetic capacity of leaves of Eucalyptus glo-
bules (Labill) growing in the field with different nutrient and
water supplies. Tree Physiol. 11: 381–389. PMID:14969943.

Zamora et al. 1693

# 2006 NRC Canada



Pettigrew, W.T., Heitholt, J.J., and Vaghn, K.C. 1993. Gas ex-
change differences and comparative anatomy among cotton
leaf-type isolines. Crop Sci. 33: 1295–1299.

Pettigrew, W.T., McCarty, J.C., Jr., and Vaugh, K.C. 2000. Leaf
senescenes-like characteristics contribute to cotton’s premature
photosynthetic decline. Photosynth. Res. 65: 187–195. doi:10.
1023/A:1006455524955. PMID:16228485.

Reich, P.B., Elsworth, D.S., and Walters, M.B. 1998a. Leaf struc-
ture (specific leaf area) modulates photosynthesis-nitrogen rela-
tionship: evidence from within and across species and
functional groups. Funct. Ecol. 12: 948–958. doi:10.1046/j.
1365-2435.1998.00274.x.

Reich, P.B., Walters, M.B., Tjoelker, M.G., Vanderklein, D., and
Buschena, C. 1998b. Photosynthesis and respiration rates depend
on lead and root morphology and nitrogen concentration in nine
boreal trees species differing in relative growth rate. Funct.
Ecol. 12: 395–405. doi:10.1046/j.1365-2435.1998.00209.x.

Reich, P.B., Ellsworth, D.S., Walters, M.B., Vose, J.M., Greshman,
C., Volin, J.C., and Bowman, W.D. 1999. Generality of leaf trait
relationship: a test across six biomes. Ecology, 80: 1955–1969.
doi:10.2307/176671.

Samuelson, L.J. 2000. Effects of nitrogen on leaf physiology and
growth of different families of loblolly and slash pine. New
For. 19: 95–107.

Sinclair, T.R., Bennett, J.M., and Boote, K.J. 1993. Leaf nitrogen,
photosynthesis and radiation use efficiency in peanut. Peanut
Sci. 20: 40–43.

Stenberg, P., Kuuluvainen, T., Kellomaki, S., Grace, J.C., Jokela,
E.J., and Gholz, H.L. 1994. Crown structure, light interception
and productivity of pine trees and stands. Ecol. Bull. 43: 20–34.

Stenberg, P., Palmroth, S., Bond, B.J., Sprugel, D.G., and Smolan-
der, H. 2001. Shoot structure and photosynthetic efficiency
along the light gradient in a Scots pine canopy. Tree Physiol.
21: 805–814. PMID:11498328.

Taiz, L., and Zeiger, E. 2000. Plant physiology. Sinauer Associates,
Sunderland, Massachusetts.

Traw, B.M., and Ackerly, D. 1995. Leaf position, light levels, and
nitrogen allocation in five species on rain forest pioneer species.
Am. J. Bot. 82: 1137–1143. doi:10.2307/2446067.

United States Department of Agriculture (USDA). 1999. Agrofores-
try notes: AF-Notes No.12. Lincoln, Nebraska, USA.

Wanvestraut, R.H., Jose, S., Nair, P.K.R., and Brecke, B.J. 2004.
Competition for water in a pecan (Carya illinoensis K. Koch) –
cotton (Gossypium hirsutum L.) alleycropping system in south-
ern United States. Agrofor. Syst. 60: 167–179.

Werger, M.J.A., and Hirose, T. 1991. Leaf nitrogen distribution and
whole canopy photosynthetic carbon gain in herbaceous stands.
Vegetatio, 97: 11–20.

Zamora, D.S., Jose, S., and Nair, P.K.R. 2006a. Morphological
plasticity of cotton roots in response to interspecific competition
with pecan in an alleycropping system in the Southern United
States. Agroforestry Syst. In press. doi:10.1007/s10457-006-
9022-9.

Zamora, D.S., Jose, S., and Nair, P.K.R. Jones, J.W., Brecke,
B.J., and Ramsey, C. 2006b. Interspecific competition in a pe-
can–cotton alleycropping system in the Southern United States:
Is light the limiting factor? Edited by S. Jose and A. Gordon.
Towards agroforestry design: An ecological approach. Springer
Science, Dordretch, Netherlands. In press.

Zhao, D., and Oosterhuis, D. 1998. Cotton responses to shade at
different growth stages: Nonstructural carbohydrate composition.
Crop Sci. 38: 1196–1203.

Zhenmin, L., Percy, R.G., Qualset, C.O., and Zeiger, E. 1998. Sto-
matal conductance predicts yield in irrigated Pima cotton and
bread wheat grown at high temperatures. J. Exp. Bot. 49: 453–
460.

1694 Can. J. Bot. Vol. 84, 2006

# 2006 NRC Canada


